Significance Statement {#s5}
======================

This is, to our knowledge, the first study investigating ketamine's binding of the serotonin transporter in humans in vivo. The serotonin transporter is integral to depressive pathophysiology and treatment and is therefore a relevant target in elucidating the role of the serotonergic system in ketamine's antidepressant effects. In this study, administration of an antidepressant dose of ketamine was not associated with measurable occupancy of the serotonin transporter. These results are in contrast with the 70% to 80% occupancy shown in previous studies with antidepressant doses of selective serotonin reuptake inhibitors. However, our study revealed a positive association between ketamine plasma levels and occupancy, which may be relevant considering the trend towards administration of higher doses of ketamine and inter-individual variability in ketamine metabolism. Our results further differentiate the role of the serotonergic system in ketamine's antidepressant effects while garnering pharmacodynamic information that benefits safe and effective implementation in clinical routine.

Introduction {#s6}
============

Ketamine has rapidly gained clinical significance and wide application as a swift and effective treatment option for patients with depression. In this indication, ketamine is applied in subanesthetic dosages, with most studies utilizing i.v. routes of application ([@CIT0057]). Early trials performed in patients with treatment-resistant depression reported response rates of approximately 50% to 70% within the timeframe of 24 to 72 hours after a single ketamine infusion ([@CIT0007]; [@CIT0057]). Though numerous studies have been performed in the meantime, meta-analytic evidence generally confirms these promising original findings ([@CIT0042]).

Despite its increasing use as an antidepressant ([@CIT0027]), our understanding of the neurobiological mechanisms driving ketamine's antidepressant effects remains incomplete. Ketamine exerts influence on a variety of neurotransmitters. As an NMDA receptor antagonist ([@CIT0029]), ketamine modulates the glutamatergic system, though it has also been shown to effect dopaminergic ([@CIT0030]) and GABAergic ([@CIT0019]) changes.

In addition, the relevance of the serotonergic system to ketamine's antidepressant effects has recently come to light ([@CIT0012]). Studies have shown that ketamine's antidepressant properties in mice and rats were inhibited by serotonin (5-HT) depletion ([@CIT0016]; [@CIT0014], [@CIT0015]; [@CIT0011]). These findings suggest that the serotonergic system is essential for ketamine's role as an antidepressant ([@CIT0012]). The serotonin transporter (SERT) is a significant target when aiming to elucidate the complex mechanisms mediating ketamine's antidepressant properties. A potential role for the SERT is based on the antidepressant efficacy of selective serotonin reuptake inhibitors (SSRIs) and numerous studies showing changes to the SERT in depression ([@CIT0017]; [@CIT0045]).

In fact, ketamine has been shown in studies using positron emission tomography (PET) to bind the SERT in vitro ([@CIT0032]) and in vivo in monkeys ([@CIT0054]). Furthermore, ketamine inhibits SERT-dependent reuptake of 5-HT ([@CIT0061]; [@CIT0004]). On an in vitro level, ketamine therefore mirrors the effects of SSRIs ([@CIT0006]). Microdialysis studies in monkeys have demonstrated that i.v. ketamine administration is associated with an increase in cortical 5-HT ([@CIT0054]). An increase in cortical 5-HT induced through intracerebral injection of ketamine was even shown to correlate with antidepressant effects ([@CIT0040]). However, these animal studies demonstrate ketamine's occupancy of the SERT at doses higher than those routinely implemented when ketamine is applied as an antidepressant in humans. Furthermore, it is generally unclear whether the pharmacodynamic and pharmacokinetic properties ketamine shows in animals carry over to humans. Therefore, in vivo human studies on ketamine's binding characteristics are of utmost importance.

Furthermore, ketamine is increasingly being administered to real-life clinical cohorts, which comes with additional challenges, including psychiatrically and somatically multi-morbid patients receiving polypharmaceutical treatment ([@CIT0035]). In addition, application of ketamine in clinical settings has brought to light the importance of incorporating ketamine into a treatment concept or scheme ([@CIT0059]) and raised questions as to how often the substance should be applied ([@CIT0036]) and in combination with what other potentiating or effect-stabilizing treatments ([@CIT0009]; [@CIT0052]; [@CIT0001]). Many medications taken by depressed patients ([@CIT0034]; [@CIT0046]), as well as treatments performed in this patient group (i.e., electroconvulsive therapy), affect the serotonergic system ([@CIT0028]). Investigation of ketamine's occupancy of the SERT in humans is necessary for comprehensive description of ketamine's complex molecular binding profile. This in turn is a prerequisite for safe and effective implementation in clinical practice.

Therefore, we aimed to investigate the extent and pattern of ketamine's binding on the SERT in humans. We utilized PET imaging with \[^11^C\]-*N,N*-dimethyl-2-(2-amino-4-cyanophenylthio)-benzylamine (\[^11^C\]DASB), a highly selective radioligand for imaging of the SERT ([@CIT0051]).

Materials and Methods {#s7}
=====================

Subjects {#s8}
--------

Twelve healthy male subjects (mean age±SD = 26.92±3.45) were included in this study. Subjects were free from all severe internal, neurological, and psychiatric disorders, assessed via an extensive medical history, physical examination, electrocardiography, and blood draw. A structured clinical interview for DSM-IV (SCID) was performed by an experienced physician to exclude all previous or current psychiatric disorders. Subjects had no history of drug abuse, and current drug abuse was excluded using a urine drug test performed at the screening and both PET visits. Subjects were also screened for any magnetic resonance imaging (MRI) contraindications, including implants, pacemakers, and claustrophobia. All subjects provided written informed consent and received financial reimbursement for participation. This study was approved by the Ethics Committee of the Medical University of Vienna and was performed according to the Declaration of Helsinki.

PET {#s9}
---

All subjects underwent 2 \[^11^C\]DASB PET investigations performed using a GE Advance full-ring scanner (General Electric Medical Systems) at the Department of Biomedical Imaging and Image-Guided Therapy, Department of Nuclear Medicine, Medical University of Vienna. The first PET scan (PET 1) functioned as a baseline scan, and no pharmacologic challenge was administered. Prior to the second PET scan (PET 2), all subjects received ketamine. \[^11^C\]DASB is a highly selective radioligand for assessment of SERT distribution in the human brain ([@CIT0051]). A transmission scan, which is necessary for tissue attenuation correction, was performed prior to i.v. injection of \[^11^C\]DASB during 5 minutes using retractable ^68^GE rod sources. Then 4.7 MBq/kg bodyweight \[^11^C\]DASB was diluted in phosphate buffered saline and applied as a bolus simultaneously with the start of PET scanning. \[^11^C\]DASB was synthesized at the PET Center at the Medical University of Vienna according to ([@CIT0018]; [@CIT0049]). To minimize head motion artifacts during PET measurement, each subject's head was fixed within the padded PET scanner headpiece using a head-strap. Data were acquired over the course of 90 minutes using 50 successive time frames. Subsequently, data were reconstructed in volumes consisting of 35 transaxial sections (128 x 128 matrix) using Fourier rebinning iterative filter back-projection algorithm with a spatial resolution of 4.36 mm full-width half maximum 1 cm next to the center of the field of view.

Ketamine Administration {#s10}
-----------------------

A total of 0.50 mg/kg bodyweight racemic ketamine (Ketamin-hameln, 50 mg/mL ampoules; Hameln Pharma Plus GmbH) was applied once i.v. via a cubital vein over the course of 40 minutes, with the infusion ending 5 minutes before start of PET and simultaneous \[^11^C\]DASB administration. The dose of 0.50 mg/kg bodyweight racemic ketamine was chosen as this is the generally accepted and thoroughly investigated subanesthetic, antidepressant dose ([@CIT0039]; [@CIT0042]). Blood pressure was measured at regular intervals during ketamine administration while heart rate and blood oxygenation were measured over the course of ketamine infusion and subsequent PET 2 measurement. A physician was present at all times during ketamine infusion and PET 2 measurement to ensure subject safety.

MRI {#s11}
---

One structural MRI scan was performed in each subject using a 3 Tesla PRISMA MR Scanner (Siemens Medical, 0.85- x 0.87-mm voxel size, 0.85-mm slice thickness, 230 slices) for co-registration of PET data.

PET Data Analysis {#s12}
-----------------

PET images were motion corrected and co-registered to the structural MR using the integral of all frames. Subsequently, the T1-weighted MR image was spatially normalized to a tissue probability map in stereotactic Montreal Neurological Institute space using SPM12 (Wellcome Trust Centre for Neuroimaging; <http://www.fil.ion.ucl.ac.uk/spm/>). The resulting transformation parameters were applied to the co-registered PET image. To quantify SERT nondisplaceable binding potential (BP~ND~) ([@CIT0022]), a region of interest (ROI)-based approach and the multilinear reference tissue model (MRTM2; [@CIT0021]) was applied in PMOD 3.509 (<http://www.pmod.com>) with cerebellar gray matter (excluding vermis and venous sinus) used as the reference region. This region only minimally expresses the SERT ([@CIT0025]; [@CIT0038]) and is therefore considered an optimal reference region for \[^11^C\]DASB quantification. The 4 ROIS selected comprised the caudate, putamen, thalamus, and midbrain. These subcortical regions show high SERT expression ([@CIT0043]; [@CIT0044]), which optimizes signal-to-noise ratio. Secondly, these regions are relevant to the efficacy of other substances that bind the SERT, such as SSRIs, and SERT occupancy by these substances is thoroughly described in these regions ([@CIT0034]). The ROIS were delineated using the automated anatomical labeling (AAL) brain atlas ([@CIT0048]) with the exception of the midbrain, which is not included in the AAL and was delineated using an in-house template. In addition, a whole-brain ROI was analyzed. The whole-brain ROI consisted of the average BP~ND~ of all AAL regions, weighted for size of each individual region, and excluding the cerebellum. This calculation was performed to take into account that ketamine has global effects on the brain ([@CIT0024]). Occupancy of the SERT by ketamine was computed using the equation:$$\text{Occupancy}(\text{\%}) = (1 - \frac{\text{BPND~PET~}2\ \left( \text{treatment} \right)}{\text{BPND~PET~}1\ \left( \text{baseline} \right)})*100$$

Ketamine Plasma Levels {#s13}
----------------------

After ketamine administration, blood was drawn at 5, 10, 20, 30, 40, 60, and 80 minutes after start of PET measurement. After centrifugation and separation of plasma, plasma samples were frozen at ≤−20°C. Ketamine plasma levels were determined by gas chromatography--tandem mass spectrometry in multiple reaction monitoring at the Department of Laboratory Medicine, Medical University of Vienna, Austria. The analytical method was validated according to the EMA guideline ([@CIT0013]).

Statistical Analysis {#s14}
--------------------

To assess the statistical significance of ketamine binding of the SERT, linear mixed model analyses using measurement (PET 1, PET 2) and region (caudate, putamen, thalamus, midbrain) as fixed factors, subject as random factor, and \[^11^C\]DASB BP~ND~ as the dependent variable was performed. Analysis was repeated for the whole-brain ROI with measurement as fixed factor (PET 1, PET 2), subject as random factor, and \[^11^C\]DASB BP~ND~ as the dependent variable.

To assess if potential changes between PET 1 and PET 2 differ from those associated with test-retest variability, linear mixed model analysis incorporating the \[^11^C\]DASB test-retest data from a previous study by our group ([@CIT0026]) was performed (see supplement).

Correlation analyses between ketamine plasma levels and SERT occupancy were performed to address findings demonstrating diversity in ketamine metabolism ([@CIT0058]; [@CIT0060]). Ketamine plasma levels at all time points (5, 10, 20, 30, 40, 60, and 80 minutes after start of PET measurement) were correlated with SERT occupancy values within the ROIs showing positive occupancy values. Correlation analyses used Spearman correlation coefficient and correction for multiple comparisons was performed using the Holm-Bonferroni method. Normality of distribution was tested by plotting the individual variables. SPSS 24.0.0.0 (SPSS Inc.; [www.spss.com](http://www.spss.com)) was used for statistical analyses.

Results {#s15}
=======

Average occupancy over the group was at (mean±SD) 5.86±21.88, 2.70±13.76, and 1.11±23.27, within the caudate, putamen, and thalamus ([Figure 1a](#F1){ref-type="fig"}), respectively. For the midbrain region, a negative occupancy value of -1.20±13.72 was acquired. In the whole-brain ROI, average occupancy was 7.97±14.40.

![(a) No measurable occupancy of the serotonin transporter (SERT) after 0.50 mg/kg bodyweight ketamine. \[^11^C\]DASB nondisplaceable binding potential (BP~ND~) decreased numerically from positron emission tomography (PET) 1 (left, before ketamine application) to PET 2 (right, after application of the standard antidepressant dose of 0.50 mg/kg bodyweight ketamine) in the caudate, putamen, and thalamus. Mean occupancy values ± SD of the SERT were 5.86±21.88, 2.70±13.76, and 1.11±23.27, respectively. Results were interpreted as a lack of measurable binding, because occupancy values are within \[^11^C\]DASB test-retest variability ([@CIT0026]) (see supplement). Color bar represents \[^11^C\]DASB BP~ND~. Slices at z=10 (caudate), z=6 (putamen), and z=12 (thalamus). For \[^11^C\]DASB BP~ND~ and occupancy values see [Table 1](#T1){ref-type="table"}. (b) Correlation between ketamine plasma levels and SERT occupancy. Ketamine plasma levels assessed after ketamine administration during PET correlated with SERT occupancy within the caudate and putamen (caudate 20 min: *P*=.042; 30 min: *P*=.018; putamen 30 min: *P*=.031, all uncorr., min indicate time after start of PET measurement). Though the correlations are influenced by outliers, these findings might suggest that ketamine may bind the SERT when levels are higher, for example, when ketamine is administered at higher doses or depending on differences in metabolism ([@CIT0058]; [@CIT0060]). Correlation analyses with ketamine plasma levels drawn 30 minutes after PET start are depicted. Correlations may be significant at this time point, as ketamine kinetics are known to switch from the distribution to elimination phase around this time ([@CIT0020]). \*Indicates statistical significance of correlations (*P*\<.05, uncorrected). For occupancy values and ketamine plasma levels, see [Tables 1](#T1){ref-type="table"} and [2](#T2){ref-type="table"}.](pyx08501){#F1}

Linear mixed-model analyses of caudate, putamen, thalamus, and midbrain did not reveal a measurement by region interaction or a significant effect of measurement, though an effect of region (F~3,\ 27.26~ =148.02, *P*\<.001) was revealed. Linear mixed model analyses in the whole-brain ROI also did not reveal a significant effect of measurement ([Table 1](#T1){ref-type="table"}). \[^11^C\]DASB BP~ND~ values were not consistently normally distributed within the 4 ROIs or within the whole-brain ROI. However, considering that use of mixed model analyses in a not normally distributed sample has the potential to increase false-positive error, and no significant effect of measurement was found, the mixed-model approach was retained.

###### 

Average \[^11^C\]DASB BP~ND~

  Region of Interest   BP~ND~ PET 1   BP~ND~ PET 2   Occupancy
  -------------------- -------------- -------------- ------------
  Caudate              0.94±0.22      0.89±0.30      5.86±21.88
  Putamen              1.56±0.29      1.54±0.39      2.70±13.76
  Thalamus             1.61±0.30      1.61±0.49      1.11±23.27
  Midbrain             3.37±0.71      3.40±0.80      n.a.
  Whole-brain\*        0.39±0.08      0.36±0.09      7.97±14.40

Abbreviations: BP~ND~, nondisplaceable binding potential; PET, positron emission tomography (PET 1=baseline, PET 2=after ketamine).

\*All AAL regions (Tzourio-Mazoyer et al., 2002; Savli et al., 2012) weighted for size with the exception of the cerebellum.

Linear mixed model analyses comparing our results with previous test-retest data ([@CIT0026]) did not reveal an interaction effect between measurement and study data set, demonstrating that the variability within the 2 PET measurements in the current study does not differ from that between the 2 PET measurements from ([@CIT0026]). Therefore, our results can be interpreted as within test-retest variability (see supplement).

SERT occupancy and ketamine plasma levels correlated significantly at 20 and 30 minutes after start of PET measurement within the caudate (20 minutes: *P*=.042, rho=0.594; 30 minutes: *P*=.018, rho=0.664) and at 30 minutes after start of PET measurement in the putamen (*P*=.031, rho=0.622), all uncorr., ([Figure 1b](#F1){ref-type="fig"}). In the whole-brain ROI, occupancy and plasma levels correlated at 20 minutes (*P*=.015, rho=0.678) and 30 minutes (*P*=.011, rho=0.699), all uncorr. SERT occupancy and ketamine plasma levels did not correlate in the thalamus. One 5-minute ketamine plasma value was removed from correlation analyses because of a probable blood draw error. Correlation results in the caudate and putamen were influenced by 2 subjects with outlying ketamine and/or occupancy values. While the significance of the correlation in the caudate at 30 minutes survived removal of one of these outliers (*P* = .043, rho=0.618), removal of the other outlier resulted in loss of significance of all correlations in these regions. Correlation results in the whole-brain ROI were not influenced by removal of outliers.

Ketamine plasma levels were in accordance with those previously described in the literature ([@CIT0058]) ([Table 2](#T2){ref-type="table"}, [Figure 2](#F2){ref-type="fig"}). For information on vital signs during ketamine infusion and PET measurement, please see [Table 3](#T3){ref-type="table"}.

###### 

Average Ketamine Plasma Levels

  Time point           Ketamine plasma level (mean±SD)
  -------------------- ---------------------------------
  05 min (n=10)^*a*^   197.06±176.04 ng/mL
  10 min (n=10)        131.54±65.40 ng/mL
  20 min (n=12)        90.71±38.33 ng/mL
  30 min (n=12)        78.46±31.44 ng/mL
  40 min (n=12)        69.28±25.65 ng/mL
  60 min (n=11)        59.56±17.02 ng/mL
  80 min (n=11)        52.46±15.35 ng/mL

^*a*^1 aberrant value removed from analysis (see Methods).

n=available measurements.

min indicates time after start of PET measurement.

![Ketamine plasma levels. Ketamine plasma levels were in accordance with those previously described in the literature ([@CIT0058]). PET measurement began 5 minutes after completion of the ketamine infusion (0.50 mg/kg bodyweight over 40 min) and ketamine plasma levels were drawn 5, 10, 20, 30, 40, 60, and 80 minutes after the start of PET. The 5-minute ketamine value from 1 subject was removed from analyses due to probable blood draw error. For ketamine plasma levels see [Table 2](#T2){ref-type="table"}.](pyx08502){#F2}

###### 

Vital Signs during Ketamine Administration and PET Measurement

  Parameter          Mean±SD        Min   Max   \% increase (mean±SD)   \% decrease (mean±SD)
  ------------------ -------------- ----- ----- ----------------------- -----------------------
  Heart rate (bpm)   69.83±10.88    43    104   9.31±8.05               10.72±7.55
  Sa02               97.29±0.94     94    99    1.31±0.47               1.33±0.51
  Systolic RR        134.62±15.50   106   177   7.80±5.97               4.35±2.69
  Diastolic RR       79.52±10.94    64    105   11.53±8.55              8.86±6.05

Abbreviation: RR,Riva-Rocci blood pressure.

Parameters were assessed every 10 minutes.

Discussion {#s16}
==========

We used \[^11^C\]DASB PET to investigate cerebral SERT occupancy after a single antidepressant dose of ketamine. Subcortical regions with high SERT expression ([@CIT0043]; [@CIT0044]) shown to be relevant in other SERT occupancy studies were investigated ([@CIT0033], [@CIT0034]). Occupancy values were between approximately 1% and 8% in the caudate, putamen, thalamus, and whole-brain ROI, which is within the test-retest variability of \[^11^C\]DASB ([@CIT0026]) (see supplement). Therefore, no measurable occupancy of the serotonin transporter was detected after administration of an antidepressant ketamine dose.

A positive relationship between ketamine plasma levels and SERT occupancy values was found in the caudate, putamen, and whole-brain ROI. This finding suggests that ketamine may bind the SERT when administered at higher doses. After falling for the first 20 to 30 minutes after start of PET, ketamine levels began to asymptotically approach zero ([Figure 2](#F2){ref-type="fig"}). This time-point may be when ketamine kinetics switch from the distribution to the elimination phase ([@CIT0020]). Starting at this time, ketamine plasma levels may most closely correspond with levels in the brain compartment, which would explain why plasma levels and occupancy correlated. Based on this explanation, one would expect plasma levels and occupancy to correlate at all further time-points. However, as ketamine levels fall, signal to noise ratio decreases, which may explain why this was not the case in our study. These correlation results must be interpreted with caution, as they are influenced in the caudate and putamen by the inclusion of 2 subjects with outlying ketamine and occupancy values ([Figure 1b](#F1){ref-type="fig"}). However, the lack of normal distribution in occupancy and ketamine data and the presence of outliers in our small data set may in fact reflect previous studies showing diversity in ketamine metabolism ([@CIT0058]; [@CIT0060]). Investigation in a larger data set at a wide dose range is necessary for confirmation of this pattern. We thus highlight that SERT binding by ketamine is not detectable after administration of low doses, but that occupancy increase after higher doses might be possible. These results provide valuable insight into the nature of ketamine's effects on the serotonergic system in humans in vivo.

Based on previous literature, one possible explanation for the role of the 5-HT system in ketamine's antidepressant effects would be via SERT binding and reuptake inhibition. In this model, increased prefrontal 5-HT following ketamine binding of the SERT ([@CIT0054]) would be a result of 5-HT reuptake blockade, as has been shown in vitro ([@CIT0061]; [@CIT0004]). This would result in increased serotonergic activity in projection regions. This theory is supported by an animal study demonstrating that injection of ketamine into the prefrontal cortex resulted in a local 5-HT increase, which correlated with antidepressant response ([@CIT0040]). Along this line, animal studies have shown in vivo that ketamine binds the SERT ([@CIT0054]; [@CIT0055]). However, it was demonstrated that while 0.50 mg/kg bodyweight ketamine resulted in a numeric reduction in available SERT, only 1.5 mg/kg bodyweight ketamine showed statistically significant SERT occupancy ([@CIT0054]). Dosing, pharmacokinetics, and clinical effects differ between animals and humans ([@CIT0041]), making translation from animal to human models problematic and investigations in the latter essential. For example, 0.75 mg/kg bodyweight ketamine/h in monkeys was suggested as an equivalent dose to 0.50 mg/kg bodyweight/40 min in humans ([@CIT0055]). In this case, the general pattern shown in monkeys seems to be mirrored in humans. We do not find measureable occupancy of the SERT after administration of an antidepressant dose. However, based on extrapolation of the positive trend we demonstrate between SERT occupancy and ketamine plasma levels, it can be postulated that ketamine may bind the SERT at higher doses.

The occupancy levels shown in this study are only a fraction of those shown after antidepressant doses of SSRIs, which exhibit approximately 70% to 80% SERT occupancy and for which 5-HT reuptake is thought to be the initial, primary antidepressant mechanism ([@CIT0033], [@CIT0034]). Therefore, it seems improbable that ketamine's binding of the SERT serves as a main facilitator of antidepressant effects as it does with SSRIs. However, it remains to be investigated whether SERT binding plays a likely subordinate but possibly potentiating role. Furthermore, future studies should address whether ketamine has more long-term effects on the serotonergic system, including the SERT.

The phenotypical correlate of the, at most discrete, SERT binding we show at low doses is not entirely clear, though a recent publication on co-medication of ketamine and the irreversible MOA-inhibitor tranylcypromine promotes skepticism ([@CIT0005]). However, this report is a set of case studies, and ketamine metabolism and plasma levels have been shown to vary after administration of a constant dose ([@CIT0058]; [@CIT0060]). Therefore, the generalizability of these findings is questionable. Furthermore, potentially increased SERT binding at higher ketamine doses, which are increasingly being administered to depressed patients ([@CIT0010]) and have long been state of the art in anesthesiology, may indeed carry clinical consequences.

Another possibility is that 5-HTs relevance in ketamine's effects ([@CIT0012]) is through secondary mechanisms, including interaction with other neurotransmitter systems. In this regard, interface with the glutamatergic system appears relevant. For example, injection of an AMPA blocker prior to ketamine administration in a mouse model inhibited the substance's antidepressant effects ([@CIT0015]). Based on results gleaned from microinjection of these 2 substances, it was postulated that binding of the AMPA receptor by ketamine in the medial prefrontal cortex stimulates serotonergic neurons in the dorsal raphe nuclei ([@CIT0015]). Furthermore, it was demonstrated that blockade of AMPA receptors inhibited the effects of anesthetic doses of ketamine on the 5-HT~1B~ receptor ([@CIT0055]). Theoretically, ketamine's modulation of the serotonergic system may also be via direct binding of serotonergic receptors, though the extent to which this is the case has been insufficiently investigated. It has, however, been suggested that ketamine may bind 5-HT~2~ receptors ([@CIT0023]; [@CIT0050]).

We applied ketamine as the entire racemat, as this is the more thoroughly investigated form that has repeatedly been shown to be clinically effective as an antidepressant ([@CIT0042]), and it was our goal to elucidate the role of the 5-HT system in this context. However, differences between the individual ketamine enantiomers in regards to their pharmacodynamic ([@CIT0037]) and clinical ([@CIT0056]) properties are a current topic of intense research ([@CIT0003]). Differing binding affinities would be a potential explanation for why the 2 enantiomers may display differential clinical effects. However, in vitro studies have shown that the ketamine enantiomers do not show stereo-selectivity for the SERT ([@CIT0037]). Therefore, the results of our study are not likely affected by the use of the entire racemat.

It has been suggested that ketamine binds the SERT at the binding site likely bound by 5-HT and SSRIs ([@CIT0032]; [@CIT0002]). It could therefore be questioned whether the reduction in SERT BP~ND~ shown in animal studies and numerically in our study is truly a reflection of ketamine binding on the transporter or rather of changes to endogenous 5-HT levels elicited by ketamine. \[^11^C\]DASB may to a certain extent be sensitive to endogenous 5-HT levels ([@CIT0053]), though this has been negated by others ([@CIT0047]). With the exception of the hypothalamus, a substantial influence of endogenous 5-HT levels on \[^11^C\]DASB binding due to tranylcypromine administration was only significant at a dose of 15 mg/kg bodyweight ([@CIT0031]), which was associated with a 11- to 63-fold increase in 5-HT ([@CIT0008]). Considering that only about 2.5-fold increase in 5-HT was shown after ketamine administration ([@CIT0054]), we assume that changes to endogenous 5-HT levels likely do not play a relevant role in our results.

Several limitations should be discussed. Firstly, the sample size (n=12) of this study is small. However, it is in accordance with previous pharmaco-PET studies investigating SERT occupancy by other psychopharmacologic substances ([@CIT0033]). In addition, this study investigates healthy subjects rather than depressed patients, and a relationship between SERT binding and antidepressant response can therefore not be drawn. As a result, our interpretation that SERT binding by ketamine is not a likely primary antidepressant mechanism is made with caution and is based on existing literature on SSRI SERT occupancy ([@CIT0033], [@CIT0034]). Furthermore, it is important to note that the occupancy levels shown were \<10% and therefore within the test-retest variability of \[^11^C\]DASB PET, which was validated through comparison with a test-retest data set from a previous study by our group ([@CIT0026]). Therefore, we argue that the low numeric occupancy values attained can be understood as a lack of measureable binding of the SERT. Furthermore, we based the infusion protocol on a primate study demonstrating ketamine's occupancy of the SERT, which reported starting PET measurement after infusion of ketamine over 40 minutes ([@CIT0054]). However, due to this set-up, ketamine levels fell over the course of PET measurement as the substance was eliminated ([Table 2](#T2){ref-type="table"}; [Figure 2](#F2){ref-type="fig"}). This may result in a bias in the direction of underestimation of ketamine's SERT occupancy, particularly as ketamine levels towards the end of PET measurement more accurately reflect the occupancy values attained. Occupancy might therefore be higher during or immediately after ketamine infusion.

In summary, the results from our study provide insight into the effects of ketamine on the serotonergic system in humans in vivo. We did not find measureable binding of the SERT after administration of an antidepressant dose of ketamine. This is in contrast with SSRIs, which show 70% to 80% SERT occupancy ([@CIT0033], [@CIT0034]). As 0.50 mg/kg bodyweight ketamine is nevertheless clinically effective ([@CIT0057]), this might suggest that binding of the SERT is unlikely to be a main antidepressant mechanism in ketamine treatment. The increase in 5-HT levels following ketamine application ([@CIT0054]) and the dependency of ketamine's efficacy on the presence of 5-HT ([@CIT0011]) as recently shown in the literature, may more likely be a reflection of secondary modulation of the serotonergic system. We find a positive trend between ketamine plasma levels and SERT occupancy. Assessment of ketamine's binding of the SERT at higher doses is therefore of importance considering that dose escalation will inevitably increasingly be utilized in depressed patients ([@CIT0010]) and is already relevant in ketamine's administration as an anesthetic.
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